Polyurethane (PU) composites with various porosities and spherical pore structures were prepared using thermally expanded hollow thermoplastic microspheres. Thermal and mechanical properties of PU composites were mostly governed by the amount of porosity. The measured thermal conductivity of PU composites was estimated using theoretical models, proving the formation of spherical pore structures (ε ≈ 1) in PU matrix and serving as an internal porous material (EMT model < k < parallel model).
Introduction
Thermal insulating polymeric composites have been paid much attention in the building materials, aerospace and aviation industries, and oil and gas industry [1] . The heat transfer process in polymeric composites with porous structure is very complicated, and includes gas conduction, solid conduction and radiation. Convection can be neglected when the pores in polymeric composites are smaller than 4 mm in diameter. At low application temperature which is general condition for polymeric composites, the radiation can also be considered to be negligible.
Thermoplastic hollow microspheres are invented as a kind of physical foaming agent [2] . They have been produced through the suspension polymerisation and consist of a copolymer shell with a liquid hydrocarbon inside. Compared to other physical foaming agents, they have several advantages in that they are easy to handle and create uniform, closed-cell foams with excellent stability. During the expansion process, the stiff polymeric shell of expandable microspheres softens and eventually the microspheres expand by changing the phase of hydrocarbon from liquid to gas. Once the microspheres cool down, the polymer shell stiffens again in the expanded state.
This paper focuses on thermal and mechanical properties of polymeric composites prepared with expanded hollow thermoplastic microspheres. Polyurethane (PU) composites with controlled porosity and pore structure are prepared. Then, characteristics of PU composites with various porosities are described in terms of experimental and theoretical thermal conductivity, because comparative study on thermal conductivity is instructional for the integrity and exploitation of porous materials prepared.
Experimental details

Materials
Expanded microspheres (MFL-100MCA) were purchased from Matsumoto Yushi-Seiyaku Co. Ltd. The expanded microspheres with average pore diameter of 65.5 ± 5μm were hybrid hollow microspheres with acrylonitrile copolymer as a shell and the shell was coated with calcium carbonate and talc. Hydroxyl-terminated polybutadiene (HTPB, Eq·w: 1075 g/mol) and isophorone diisocyanate (IPDI) were kindly donated from ADD. Dibutyltin dilaurate (DBTDL) was purchased from Sigma-Aldrich Co. Ltd.
Instruments and measurements
The thermal conductivity of each PU composite was measured using transient hot bridge method (THB-1, Linseis) at 30°C. The porosity of the PU composites was calculated using equation (1) .
where P is the porosity of the PU composite sample, and d and d 0 are the density of the PU composite and PU matrix, respectively. Morphologies of cells in PU composites were observed using Field Emission Scanning Electron Microscope (FE-SEM, S-4300, Hitachi). Differential Scanning Calorimetry (DSC) was performed with the DSC analyser (DSC 8000, PerkinElmer) under N 2 flow rate of 20 ml/min. Thermal stabilities of PU foams were measured using thermogravimetric analyser (TGA 4000, PerkinElmer) with N 2 flow rate of 20 ml/min and the heating rate of 20°C/min. Tensile and compression tests were carried out using a texture analyser (TA, TA-HD+1500, Stable Micro Systems). The coefficient of thermal expansion (CTE) was achieved using thermomechanical analyser (TMA/SDTA840, Mettler Toledo) at a constant heating rate of 10°C/min.
Synthesis of PU composites
The mixture of HTPB prepolymer and expanded microspheres in a 58 mL ointment container was mixed using a Thinky mixer (ARE-310, Mdbros). IPDI and DBTDL catalyst solution was injected. The mixture was cast in Teflon-coated mould and degassed in the vacuum. Finally, the sample was put into 60 °C oven for seven days. Table 1 summarises compositions and thermal properties of PU composites with various porosities. Figure 1 shows that thermal conductivity of PU composites decreases as the porosity of PU composites increases, showing that the thermal conductivity of PU composites decreases from 0.187 W/m·K to 0.068 W/m·K with increasing the measured porosity from 0 vol m % to 70.2 vol m %. To evaluate the thermal insulation performance of PU composites, the thermal conductivity of PU composites is plotted in Figure 1 (a) with five thermal conductivity models, such as parallel, Maxwell-Eucken 1 (ME 1), effective medium theory (EMT, equation (2)), Maxwell-Eucken 2 (ME 2), and series models [3, 4] .
Results and discussions
where k, k 1 , and k 2 are thermal conductivities of PU composite, continuous matrix, and pore, and v 1 and v 2 are volume fraction of continuous matrix and pore. It was proposed [5] that porous materials could be divided into 'external' and 'internal' porous materials. External porous materials were identified as the materials in which the gaseous component was continuous conducting pathways. Therefore, the thermal conductivities of external porous materials were bounded below EMT model. Internal porous materials were those in which the solid phase was a continuous phase. So, the thermal conductivities of internal porous materials were bound above EMT model. Figure 1(a) confirmed that PU composites with various porosities exhibited characteristic 'internal' porous materials.
A general analytical approach [6] , proposed as equation (3) toward the thermal conductivity of porous materials with random distribution of single types of pores is also used to predict the thermal conductivity of PU composites as a function of porosity.
( )
where k, k p , and k 0 are thermal conductivities of PU composites, pore material, and unperturbed continuous medium, P is porosity, and ε is shape factor. This approach succeeded in addressing effect of a general pore shape by a shape factor (ε) as a single parameter. The shape factors are defined as dimensionless parameters which quantify the deviation from spherical pores, where ε = 1 for spheres and constrained to be >2/3 for spherical pores. Figure 1(b) shows the theoretical conductivity as a function of porosity of PU composites predicted by using the shape factor. The experimentally measured thermal conductivities of PU composites are quite well fitted with ε = 1, suggesting a random distribution of spherical pores in PU composites, as supported from FE-SEM image of PU composite with different porosity in Figure 2 . Effect of pores introduced in PU composites on T g , thermal stability, mechanical property and CTE is investigated. As provided in Table 1 , PU without any expanded microsphere exhibited one T g at -85.6°C, and all PU composites with various porosities kept T g unchanged, meaning that addition of pore structure in PU matrix did not have any influence on the phase change process from elastomeric state to glassy state in PU composites. Similarly, it appeared that the insertion of expanded microspheres in PU matrix did not influence the thermal stability of PU composites, which was evaluated by comparing T d,max calculated from TGA curves.
The CTE of PU composites is calculated from the slope of linear expansion, as summarised in Table 1 . The CTEs decrease with increasing the porosity in PU matrix, showing that the CTEs decrease from 256.3 μm/m·K to 137.7 μm/m·K by increasing the porosity from 0 vol m % to 54.4 vol m %. The pore structure incorporated by expanded hollow microspheres in PU matrix resulted in reduced thermal expansion, indicating improved dimensional stability. Stress vs. strain curves of PU composites, measured from tensile test, are presented in Figure 3 (a). PU composites exhibited elastic to brittle failure with increasing the porosity. Compression properties of PU composites are measured as shown in Figure 3(b) . Compressive stress of the pristine PU linearly increased with increasing the strain and reached in 0.80MPa at 20% strain, implying continuous densification of PU matrix. PU composites exhibited characteristic compressive behaviour of pore structures with three stage of compressive deformation such as initial linear compression, linear plateau region, and densification [7] . The compressive stress at 20% strain of PU composites decreased with increasing the porosity. 
Conclusion
PU composites with various porosities up to 70.2 vol m % and uniform pore side distribution were prepared. The comparative study on measured and theoretical thermal conductivity revealed that PU composites prepared with expanded hollow microspheres were in a category of the internal porous material (EMT model < k < parallel model) with spherical pore structure (ε ≈ 1). Thermal and mechanical characterisation on PU composites exhibited little effect of expanded hollow microspheres on thermal stability and T g , however, increased dimensional stability, and general compression behaviour with three stage deformation.
